Introduction {#s0001}
============

Antibodies are used for a wide range of pharmaceutical treatments. For cancer or autoimmune diseases in particular, they are indispensable as specifically effective drugs.[@cit0001] New therapeutic forms and modes of administrations require an ever increasing molecule titer of the monoclonal antibodies (mAbs) in the final formulation.[@cit0003] The molecular density in solution results in new challenges for biopharmaceutical process development, formulation, and application. Especially the colloidal and conformational long-term stability of the molecules is considered a bottleneck.[@cit0004]

The stability of highly concentrated mAb solutions is influenced by both long- and short-range interactions. Long-range interactions have an effect on proteins in ideal dilute solutions, whereas the effect of short-range interactions increases with increasing protein titer. Under conditions of high concentrations, an interplay of short- and long-range interactions occurs. Following the DLVO theory, electrostatic forces have the longest reach and are classified as repulsive long-range interactions.[@cit0005] The stronger the net charge of the molecular surface is, the more likely will the molecules of the same kind repel each other and the weaker is the aggregation tendency of the proteins in the respective solution.[@cit0006] However, it was found that when exceeding a certain charge value, the protein starts to unfold. In this case, the intramolecular repulsive interactions are so strong that the chemical bonds stabilizing the protein\'s 3-dimensional (3D) structure are destroyed.[@cit0007] Due to the progress of molecular dynamics simulations and the advancements of analytical techniques, charge distribution on the protein surface and its influence on the solution stability are well understood.[@cit0010] Determination of the ζ-potential is an established method to experimentally characterize the net surface charge of a protein. The ζ-potential describes the electric ion potential of the interfacial double layer and can be determined with the help of laser-doppler- micro electrophoresis, for example.[@cit0012]

Determination of the ζ potential provides insights into the kind and strength of electrostatic forces that may lead to protein agglomeration and unfolding.

According to the DLVO theory, van der Waals forces are classified as short-range interactions. They can be described as universal weak attractive interactions of electromagnetic origin that are induced by dipole moments.[@cit0013] The forces between 2 polarized molecules have a short range only, so that their effect can be measured within the molecule and in highly concentrated protein solutions exclusively.

In the past decades, the DLVO theory was extended by taking into account hydrophobic forces, specific ion effects, and the effects of the hydration layer when discussing protein-protein interactions. Comparable to van der Waals forces, they can be classified as attractive short-range interactions. They are known to have a significant effect on the native structure of a protein and on protein-protein interactions in the highly concentrated regime.[@cit0011] Experimental detection of the type and strength of short-range interactions is comparably difficult due to their weak individual effects.

The character and strength of short- and long-range interactions are influenced by the amino acid sequence and molecular structure of the protein as well as by the pH, ionic strength, and co-solutes of the surrounding solution.[@cit0014] The complex interplay of the listed forces and their individual dependencies on varying solution conditions make it difficult to describe and predict protein long-term stability in the highly concentrated regime.

Due to the complexity of the interactions involved, the forces themselves are not analyzed in industry, but rather their effects on molecular stability and the protein phase behavior. For this purpose, the target molecule is dissolved in relevant solutions and, after the equilibrium has been established, its phase state or 3D structure is determined.

To be able to compare the behaviors of the molecules in solution without having to wait for the equilibrium condition, the process can be accelerated by energy input in the form of increased temperature. It induces agglomeration and chemical degradation of the protein within a short-term and can therefore accelerate long-term stability tests.

Weiss et al.[@cit0016] and He et al.[@cit0017] showed that an increase of determined melting temperature values T~m~ correlates with an increased long-term stability of the proteins studied. As this method is high throughput compatible and has a working volume in the µl range, the temperature-induced phase transition is widely used, especially for the pre-selection of buffer components and molecule main candidates.

Although these methods provide information on the behavior of the proteins in solution, they merely give a glimpse of the full picture of protein solution stability. To widen the view and predict the long-term stability of antibodies in solution, it is necessary to clarify the underlying causes, which is why a substantial amount of research has been done in this area in recent years.[@cit0018]

A lump parameter is needed, which accounts for all the different influencing parameters. The B~22~ value was thought to be such a key parameter in the past,[@cit0021] but this approach did not work for concentrated protein solutions.[@cit0025] An approach taking into account multidimensional interactions occurring at high protein concentrations only, is the measurement of protein solution viscosity. Solution viscosity, hereinafter called viscosity, is the resistance of a fluid to gradual deformation. The rheological parameter was shown to correlate with the aggregation tendency of biopharmaceutical molecules, especially in the highly concentrated regime.[@cit0027] In addition to the good comparability with protein stability, the viscosity itself is of high importance to processing and formulation. When the viscosity exceeds the processability or syringability of the solution to be handled, the latter cannot be manufactured as a liquid, which is the favored formulation for antibodies that are very difficult to crystallize. It is for this reason that the study of long-term stability of a protein solution and the resulting selection of main candidates and buffer conditions should always take viscosity investigations into account.

Another promising application of rheology with regard to protein solution stability is the study of the viscoelastic behavior of protein solutions. Protein solutions behave viscoelastically. This implies that the protein solutions exhibit both viscous and elastic characteristics when undergoing deformation.[@cit0029] The viscous behavior can be described by the loss modulus, G," and the elastic behavior by the storage modulus, G\'. The characteristic viscoelastic response of the samples provides insights into the strength of protein-protein interaction and the development of protein networks. The behavior of proteins considering their interactions with other proteins or co-solutes as well as their molecular flexibility can be determined without the manipulation of the sample, also in the highly concentrated regime.[@cit0029]

Saluja et al.[@cit0025] introduced a viscoelastic parameter which may be correlated directly with the protein long-term stability. In their published work, highly concentrated antibody solutions were characterized using ultrasonic shear rheology. Saluja et al. determined G\' of given solutions at a set frequency value. The determined G\' values were used to correlate the viscoelastic characteristics of protein solutions with the aggregation tendency of different antibodies. The work of Schermeyer et al.[@cit0030] is based on these findings. Here, frequency sweep measurements were applied to calculate G\' as well as G" over a wide frequency range. When measuring viscoelastic substances, the values of G\' and G" plotted over the radial frequency show a characteristic curve shape with a crossover point. It was shown that the crossover point shifts along the frequency axis as a function of the molecule interactions and molecular flexibility.[@cit0030] The frequency value of this crossover point, ω~CO~, was correlated successfully to the long-term phase behavior of the model protein lysozyme at concentrations ranging from 100--225 mg/ml. The study of the viscoelastic characteristic was also applied to describe the stability-enhancing effect of the Cherry-Tag™ which was fused to glutathione-S-transferase. Here, the rheological study, in combination with molecular dynamics simulation, was not only used for the description of the colloidal solution stability, but also for describing conformational stability of the fusion protein.[@cit0015]

To date, none of the novel or established methods presented has been validated by regulatory authorities for the prediction of the long-term stability of antibody solutions.[@cit0018] The parameters that have an effect on the molecular conformational and colloidal stability are so complex that regulators hesitate to recommend a single analytical method for prediction. Thus, every formulation must be stored at least 12--24 months to prove long-term stability of the target molecule, which is time- and cost-intensive.

To address this challenge, an analytical toolbox is presented in this work. The toolbox intelligently combines established and novel analytical techniques for the description and prediction of protein long-term protein solution stability. As strong orthogonal analytical techniques, size-exclusion chromatography (SEC) measurements, ζ-potential and viscosity measurements, thermal stability tests as well as complex rheological measurements are performed in a wide screening range. The solution conditions were selected on the basis of pre-stability tests, the objective being to investigate a wide range of positive and negative influencing physico-chemical mechanisms. The effects of 3 types of co-solutes, namely, of polyethylene glycol (PEG), sodium sulfate (Na~2~SO~4~) and glycine, on the mAb solution stability were investigated. Large-scale screening allows for the investigation of the antibody stability behavior under various conditions and reveals the limits of the individual analytical methods applied. Furthermore, the results of the measurements are scored and merged in a last step. The scoring values are directly compared with long-term stability tests. Based on the combined scoring values, the mAb long-term solution stability can be described and predicted reliably and safely.

Results {#s0002}
=======

Preliminary selection of additives {#s0002-0001}
----------------------------------

The protein solution stability is largely dependent on the solution additives. Attention was paid to the used additives having either positive or negative effects on the mAb solution stability and to the effect being triggered by different physico-chemical mechanisms. Hence, the selection followed the results of pre-tests, where the impact of several additive types and concentrations on the mAb solution stability had been tested qualitatively by dynamic light scattering (DLS) measurements. The methodology of DLS measurement, conditions tested, and results can be found in the supplementary material, section A1.

Analytical characterization of the mAb solution {#s0002-0002}
-----------------------------------------------

For description of the colloidal and conformational long-term stability of the mAb solutions, various analytical methods were applied. The analytics focused on pH 5, pH 7, pH 9, and mAb concentrations of 120 and 180 mg/ml. The effect of 50, 100, and 150 mM glycine was tested for all pH values. The effect of 0.4, 1.2, and 2.0 (m/V)% PEG4000 was studied at pH 9. The effect of 100--160 mM Na~2~SO~4~ was tested at pH 7. To evaluate the monomer, the high molecular weight (HMW), and the low molecular weight (LMW) contents of the mAb in the stock solution before and after sample preparation (buffer exchange and concentration), SEC runs were conducted. The effect of electrostatic interactions was studied by ζ-potential measurements. To determine the conformational and colloidal thermal stability of selected mAb samples, T~m~ and T~agg~ values were determined. Additionally, rheological measurements were performed to study the effect of varying solution conditions on the viscosity and to correlate the viscoelastic behavior of the mAb molecules with the long-term stability. The analytics were to give a detailed picture of the microscopic and macroscopic antibody behavior and, due to the combination of strong orthogonal tools, to enable a precise description of the long-term stability.

### Initial solution characteristics: Size-exclusion chromatography {#s0002-0002-0001}

A description of the influence of preparation procedure, pH, and additives on the initial solution characteristics at t~0~ was performed using SEC measurements upfront of the analytical assays chosen in this study. The chromatograms, namely, the setting of the peak limits and the area calculation of the respective peaks, were always evaluated according to the same methodology and by the same operator, so that a very small mean standard deviation of 0.04% was achieved. The mAb stock solution had a monomer content of 98%, 0.33% HMW, and a LMW content of 0.98%.

In general, the tested mAb is relatively stable against buffer exchange and concentration in relation to the monomer content determined by analytical SEC. The monomer content in all tested samples was higher than 94.8%. In [Fig. 1 (a)](#f0001){ref-type="fig"} the monomer, LMW, and HMW content of samples are plotted after buffer exchange for original concentrations of 120 mg/ml and 180 mg/ml. The antibody concentration had no visible effect on the monomer content of the antibody with or without an additive in solution. Figure 1.Monomer, HMW, and LMW contents of the tested antibody determined with the help of size-exclusion chromatography. Plotted are conditions after buffer exchange with original mAb concentrations of 120 and 180 mg/ml, at pH 5, pH 7, and pH 9 without additive (a) and with 150 mM glycine (b), as well as samples at pH 7 with 160 mM Na~2~SO~4~ and samples at pH 9 containing 1.2 (m/V)% PEG4000 (c).

The pH had a more pronounced effect on the monomer content in solution in comparison to the mAb concentration. Comparing the results of samples at pH 5 with those of samples at pH 9, the monomer content decreased by 2--3.6%. Without an additive in solution, the LMW content increased by around 1.5% compared with that of the stock solution. The LMW content did not change with changing pH so that a conformational destabilization due to the pH shift can be excluded. The HMW content increased with increasing pH.

The addition of glycine caused the HMW content to decrease under all tested pH conditions ([Fig. 1 (b)](#f0001){ref-type="fig"}). The osmolyte further increased the LMW content, especially at pH 9. At pH 7 and a mAb concentration of 180 mg/ml, a slight decrease of the LMW content was observed.

The LMW content increased by 0.34% and 0.21% with PEG4000 in solution and a mAb concentration of 120 mg/ml and 180 mg/ml, respectively. The polymer increased the HMW content at pH 9. This was especially pronounced at 120 mg/ml ([Fig. 1 (c)](#f0001){ref-type="fig"}). Na~2~SO~4~ slightly increased the LMW content solely at pH 7 and 120 mg/ml. The salt had a small decreasing effect on the HMW content of the studied mAb at pH 7 ([Fig. 1 (c)](#f0001){ref-type="fig"}). The decrease was within the calculated standard deviation and, hence, negligible.

### Electrostatic interactions: ζ-potential measurements {#s0002-0002-0002}

The ζ-potential of mAb solutions with a protein concentration of 10 mg/ml, in a pH range from 5--11, without additive, with 15 mM glycine, 16 mM Na~2~SO~4~, and 0.2 (m/V)% PEG4000, respectively is shown in [Fig. 2](#f0002){ref-type="fig"}. The mAb has a positive ζ-potential at pH 5 with a value of 5.7 mV and a negative net surface charge at pH 10 and pH 11 with a value of −3.56 mV. Ζ-potential values scattered around zero under other conditions tested. Figure 2.ζ-potential values of mAb at 10 mg/ml, pH 5--11, with and without 150 mM glycine, 2 (m/V)% PEG4000, and 160 mM Na~2~SO~4~, respectively, in solution determined by laser Doppler microelectrophoresis.

### Protein mobility: Viscosity measurements {#s0002-0002-0003}

The study of viscosity is crucial for the processability and formulation of mAb solutions and can give insights into the strength and causes of protein-protein interactions.

The reproducibility of the measurements was very high with an average standard deviation of 0.6%, except for the conditions at 180 mg/ml and the addition of PEG4000 with an average standard deviation of 10.2%. The high standard deviations may be due to the local formation of a 2-phase system or the instability of the mAb under these conditions. A change in viscosity by 1 mPas and a change greater than the calculated standard deviation were classified as significant.

In this study the mAb concentration had the main effect on viscosity ([Fig. 3](#f0003){ref-type="fig"}). The viscosity values increased with increasing protein concentration, independently of the pH or additive tested. The effect was most pronounced at pH 5. Here, a difference of around 7 mPas was detected between 120 mg/ml and 180 mg/ml. Figure 3.Comparison of the viscosity values of samples with mAb concentrations of 120 and 180 mg/ml at pH 5, pH 7, and pH 9 with and without additive in solution.

The viscosity values determined at pH 5 were higher compared with those at pH 7 and pH 9.

The additives had a comparatively small effect on viscosity. A viscosity decrease due to glycine at pH 7 and a mAb concentration of 180 mg/ml and a viscosity increase due to PEG4000 at pH 9 were found.

In this screening range, viscosity was highest (11.67 mPa) for samples at pH 9, a mAb concentration of 180 mg/ml, and 2 (m/V)% PEG4000 in solution. With increasing PEG4000 content, reproducibility of the measurement weakened, which resulted in a standard deviation of up to 15%.

### Thermal colloidal and conformational protein stability {#s0002-0002-0004}

The accelerated temperature study provides information on the colloidal and conformational stability of the mAb under stressed conditions. Based on published thermal stability studies, a difference of 1°C was considered a significant result and assumed to be caused by a stabilizing or destabilizing effect on the protein structure or protein monodispersity.[@cit0018]

In the chosen screening area, one T~agg~ value and, depending on the conditions prevailing, one (T~m1~) or 2 T~m~ (T~m1~ and T~m2~) values could be detected for each sample. The exact T~m~ and T~agg~ values are shown in Table S2a and Table S2b in the supplementary materials. The standard deviations of the measurements did not exceed 1°C. Except at pH 5 and 120 mg/ml with and without glycine in solution and at pH 9 and 120 mg/ml with PEG4000 in solution.

To study the effect of mAb concentration, the calculated T~m1~, T~m2~, and T~agg~ values are plotted as a function of the protein concentration in [Fig. 4](#f0004){ref-type="fig"}. The detected T~agg~ values are similar for all tested mAb concentrations and amount to about 70°C. They dominate the T~m1~ values up to a protein concentration of 60 mg/ml. At mAb concentrations of up to 60 mg/ml, 2 fluorescence shifts were detected, so that a second T~m~ value, T~m2~, could be calculated. Figure 4.T~m1~, T~m2~, and T~agg~ values of mAb samples in a concentration range from 1--180 mg/ml at pH 7 without additive in solution determined over a temperature ramp ranging from 20--90°C.

In [Fig. 5 (a)](#f0005){ref-type="fig"} the impact of protein concentration (120 mg/ml and 180 mg/ml), pH, and additive type and concentration on the T~m1~ values is depicted. Under these conditions, no second fluorescence shift occurred. The impact of mAb concentration from 120--180 mg/ml on thermal stability was found to be dependent on the pH. At pH 5, the T~m~ values decreased with increasing antibody concentration by 6°C and were lower than at pH 7 and pH 9. At these pH values, the effect of mAb concentration was small. Figure 5.Comparison of T~m1~ (a) and T~agg~ (b) values of samples with mAb concentrations of 120 and 180 mg/ml at pH 5, pH 7, and pH 9 with and without selected additives.

The impact of additives on the thermal conformational stability depended on the type of additive ([Fig. 5 (a)](#f0005){ref-type="fig"}). Glycine and Na~2~SO~4~ had a slightly positive impact, whereas PEG4000 had a predominantly negative impact on the determined T~m~ values. With PEG4000, the antibody solutions became opaque at concentrations higher than 120 mg/ml. Due to the high scattering signal, determination of T~m~ was not possible at a mAb concentration of 180 mg/ml.

The T~agg~ values were constant in a concentration range from 1 to 120 mg/ml ([Fig. 4](#f0004){ref-type="fig"}). Interestingly, the partly unfolded state of the antibody, which was detected by fluorescence measurements, did not have any impact on the T~agg~ values. This implies that the amino acids exposed by partial unfolding do not influence the colloidal stability of the antibody. From 120 to 180 mg/ml, the T~agg~ values increased for all pH values tested ([Fig. 5](#f0005){ref-type="fig"}). At pH 5, higher T~agg~ values were detected than at pH 7 and pH 9. Glycine increased the T~agg~ values of the samples at pH 5 and pH 7 with a protein concentration of 120 mg/ml. At pH 9 and 120 and 180 mg/ml, T~agg~ was also found to increase due to the addition of glycine. However, the changes were within the experimental error range and, hence, will not be discussed here. At pH 7 and a mAb concentration of 180 mg/ml, glycine decreased the T~agg~ by 2°C. PEG4000 had a decreasing impact on the determined T~agg~ values. With increasing PEG4000 concentration, the T~agg~ values decreased by 5°C. The effect of Na~2~SO~4~ on the measured T~agg~ values depended on the mAb concentration. A strong decrease was detected for samples at pH 7, a mAb concentration of 120 mg/ml, and a Na~2~SO~4~ concentration of 160 mM.

### A comprehensive view: Determination of protein solution viscoelasticity {#s0002-0002-0005}

To study the complex rheological behavior of the mAb solutions, the rheological parameters G' and G" were determined over a set frequency range. The values of these parameters or, to be more precise, their ratio at the different frequency points, provide insights into the relaxation behavior of the proteins in solution.[@cit0036] The relaxation behavior, in turn, is influenced by spatial limitations and the strength of molecule-molecule interaction. The measurable relaxation behavior of the protein solution, thus, is directly linked to the solution stability of the protein samples tested.[@cit0030] Stronger protein-protein interactions increase the relaxation time and, hence, result in a higher solution viscoelasticity. This relation can be described precisely by the frequency value of the crossover point of G' and G," ω~CO~. The higher the rigidity of the system due to attractive interactions is, the lower are the ω~CO~ values. Apart from the strength of protein-protein interactions, the ω~CO~ value is dependent on the size and structure of the protein itself. Under conditions where the protein-protein interactions of 2 proteins are equally pronounced, a small, globular protein exhibits higher ω~CO~ values than a larger, structurally more complex protein. The threshold value ω~limit~ can be used as a reference point. Above ω~limit~, protein solutions are expected to be stable. Below this value, samples are expected to be colloidally unstable. The ω~limit~ value for lysozyme is 20000 rad/sec.[@cit0030] Since the molecular mass of the antibody studied exceeds that of lysozyme by a factor of 10 and is not spherically shaped, the ω~limit~ value of the mAb is expected to be lower. Additionally, liquid formulations exhibiting ω~CO~ values below 1000 rad/sec are generally expected to be unstable.

The standard deviations of the viscoelastic measurements were in the range of 0.06--4%, except for conditions with PEG4000 in solution. Here, standard deviations of up to 30% were observed. This decreased reproducibility may be due to the additional viscoelastic response of the PEG molecules.The calculated ω~CO~ values of this screening varied in relation to the studied protein concentration, pH, and the type of additive. The impact of mAb concentration and pH without additives (a) and of mAb concentration and additive in solution at pH 5 (b), pH 7 (c), and pH 9 (d) on the rheological response is shown in [Fig. 6](#f0006){ref-type="fig"}. The highest ω~CO~ values of 24043 rad/sec were detected for low mAb concentrations at pH 5. The lowest ω~CO~ values for samples without additive in solution were calculated for pH 7. They were found to range from 21770 rad/sec at 50 mg/ml to 607 rad/sec at 200 mg/ml. Figure 6.ω~CO~ values of mAb samples without additive in solution as a function of protein concentration and pH (a). Impact of pH with an additive in solution, namely, 150 mM glycine (b), 160 mM Na~2~SO~4~ (c), and 2 (m/V)% PEG4000 (d), on the viscoelastic response. The gray area symbolizes the critical ω~CO~ region. Above this region, the viscoelastic response indicates stable mAb solutions. ω~CO~ values below this region indicate samples that might undergo phase transition.

With increasing protein concentration, the ω~CO~ values decreased ([Fig. 6 (a)](#f0006){ref-type="fig"}). The extent of the decrease depended on the pH value of the samples tested. The drop of ω~CO~ was more pronounced at pH 7 and pH 9 in comparison to samples at pH 5. For samples at pH 5, the ω~CO~ decreased by 33% for samples with protein concentrations of 50 mg/ml and 200 mg/ml. At pH 7 and pH 9, a decrease of 97% and 98%, respectively, occurred, resulting in ω~CO~ values below 1000 rad/sec for samples with a mAb concentration of 200 mg/ml.

To emphasize the impact of the pH on the viscoelastic response, the differences of the ω~CO~ values at pH 5, pH 7, and pH 9 with 150 mM glycine, 2 (m/V)% PEG4000 as well as with 160 mM Na~2~SO~4~ and the ω~CO~ values without additive in solution are plotted against the protein concentration in [Fig. 6 (b)--(d)](#f0006){ref-type="fig"}. At a mAb concentration of 50 mg/ml, the impact of the additives on rheological response was comparatively small and within the experimental error range ([Fig. 6 (b)](#f0006){ref-type="fig"} and [(d)](#f0006){ref-type="fig"}). For samples at pH 7, this applies to all mAb concentrations ([Fig. 6 (c)](#f0006){ref-type="fig"}).

We found that the impact of glycine on the viscoelastic behavior of mAb samples depended on the pH. At pH 5 ([Fig. 6 (b)](#f0006){ref-type="fig"}), glycine decreased the ω~CO~ values at all mAb concentrations tested and, hence, enhanced the viscoelasticity of the protein solution. The negative impact of glycine on the ω~CO~ values decreased when comparing samples at pH 5 and pH 7 ([Fig. 6 (c)](#f0006){ref-type="fig"}). At pH 9 ([Fig. 6 (d)](#f0006){ref-type="fig"}), glycine significantly increased the ω~CO~ values of the mAb solution in a concentration range from 100--200 mg/ml by 20 to \> 100%.

At pH 5 and pH 9, PEG4000 ([Fig. 6 (b)](#f0006){ref-type="fig"} and [(d)](#f0006){ref-type="fig"}) decreased the ω~CO~ values. This effect increased with increasing protein concentration. The effect was most pronounced at 180 mg/ml with a ω~CO~ difference of −5600 rad/sec compared with samples without PEG in solution.

At pH 7 ([Fig. 6 (b)](#f0006){ref-type="fig"}), the PEG4000 molecules appeared to have a positive effect on the flow behavior in a concentration range from 150 to 200 mg/ml. The strong viscoelasticity (low ω~CO~ values) detected for samples at pH 7 without additive in solution was further reduced by adding PEG4000.

Na~2~SO~4~ as an additive had a decreasing impact on the ω~CO~ values of mAb samples in a concentration range from 50 to 150 mg/ml at pH 9 ([Fig. 6 (d)](#f0006){ref-type="fig"}). Here, the addition of the kosmotropic salt leveled the ω~CO~ values down to 8000 rad/sec with an ω~CO~ difference of −8500 rad/sec in comparison to samples without Na~2~SO~4~ in solution. At pH 9 and higher protein concentrations, the salt appeared to have an opposite effect on the viscoelasticity of mAb samples ([Fig. 6 (d)](#f0006){ref-type="fig"}). At 200 mg/ml, the ω~CO~ values with salt in solution were higher compared with samples without salt in solution. Here, an ω~CO~ increase of +8100 rad/sec was observed.

In summary, the pH value had the dominating impact on the viscoelastic response of the mAb samples tested. The viscoelastic behavior at pH 7, pH 9, and pH 5 could be differentiated clearly. The impact of the additives depended on the type of additive, pH value, and the protein concentration.

Based on the correlation of the ω~CO~ values with the long-term stability tests (section 'Long-term phase behavior of mAb solutions'), a critical range could be defined, where the mAb solution is assumed to undergo phase transition. This area is marked in gray in [Fig. 6](#f0006){ref-type="fig"}. Above an ω~CO~ value of 10000 rad/sec, the mAb molecules are assumed to be colloidally stable. Below this limit, aggregation of the mAb molecules can be expected. This knowledge allows for the description of mAb phase behavior based on one single rheological measurement.

Long-term phase behavior of mAb solutions {#s0003}
=========================================

To correlate the analytical investigations with mAb solution stability, mAb phase diagrams were studied. The prepared protein phase diagrams were visually scored after 40 d of incubation according to the method of Baumgartner et al.[@cit0037] Consequently, long-term stability equals 40 d of incubation in this study.

In [Fig. 7 (a)--(c)](#f0007){ref-type="fig"} the mAb phase diagrams after 40 d of incubation (t~40~) are plotted. The first area in all 3 subplots symbolizes conditions without additive in solution. The mAb colloidal long-term stability was mainly dependent on the pH and additive type. At pH 5, the mAb molecules were soluble under all tested conditions. At pH 7, the mAb was least stable. Precipitation occurred over the whole mAb concentration range tested. Interestingly, the region where the mAb is colloidally stable increases at pH 9 in comparison to pH 7. Figure 7.Scoring of the phase behavior of mAb in a pH range from 5 to 9, a protein concentration range from 120 to 225 mg/ml, and (a) 0--250 mM glycine, (b) 0--2 (m/V)% PEG4000, and (c) 0--160 mM Na~2~SO~4~ visualized as 3D plots. The plates were stored at a constant temperature of 20°C. The scoring was done after 40 d of incubation based on the visual evaluation of the pictures taken by the Rock Imager. The blue round symbols stand for samples containing soluble mAb molecules, the small light red squares symbolize light precipitation in the middle of the well, and the dark red squares symbolize heavy precipitation.

In [Fig. 7 (a)](#f0007){ref-type="fig"} the phase diagrams with glycine as an additive are shown. At pH 9 and higher mAb concentrations, glycine seemed to stabilize the protein. In comparison, PEG4000 destabilized the molecule at pH 9 (see [Fig. 7 (b)](#f0007){ref-type="fig"}). Here, precipitation occurred from mAb concentrations of 150 mg/ml. PEG4000 seemed to have a stabilizing impact at pH 7 starting at protein concentrations of 195 mg/ml and PEG4000 concentrations of 0.8 (m/V)%. Under these conditions, only low precipitation in the middle of the well or soluble samples were detected. Na~2~SO~4~ had a stabilizing effect on the tested mAb at pH 9 in a mAb concentration range from 180 to 225 mg/ml with 75--200 mM Na~2~SO~4~. It was found to destabilize the mAb at lower protein concentrations (see [Fig. 7 (c)](#f0007){ref-type="fig"}).

Comparison of analytical methods and protein long-term stability {#s0004}
================================================================

We combined the analytical methods in this study to describe the long-term solution stability of the mAb samples screened. Therefore, a scoring system was introduced to classify the analytical results with respect to protein stability. The correlation presented here focuses on the descriptiveness of colloidal antibody stability under tested conditions.

To keep it simple, all analytical results were normalized and a scoring from 0 to 10 was defined. 10 indicates a high colloidal stability and 0 a weak solution stability of the screened mAb. For SEC analytics, a score of 10 was set for the maximal monomer content (96.7%) and a score of 0 was set for the lowest monomer content (94.8%) observed. A ζ-potential of 0 (scoring value 0) indicates weak electrostatic repulsion and an increased aggregation propensity. The maximum ζ-potential of this study of 5.7 mV was normalized to 10. A high viscosity is unfavorable for liquid formulations and may be correlated with strong protein-protein interactions. For this reason, the maximum viscosity value of this screening (11.7 mPa/s) was normalized to 0, while the minimum value (2.6 mPa/sec) was set to 10. Temperature ramps are commonly used to accelerate the degradation and aggregation process of protein solutions. They were successfully correlated with long-term stability.[@cit0018] It was shown that the melting temperature is only predictive in cases where degradation is linked to the unfolded protein structure.[@cit0040] In this study the aggregation kinetics was not dependent on the unfolding kinetics. Hence, the T~agg~ values and not the T~m~ values of this study were used to describe the solution stability of the antibody. The maximal T~agg~ value (74°C) was normalized to 10 and the minimal T~agg~ value (61°C) was normalized to 0.

Furthermore, it was shown that the viscoelastic characteristic of a molecule in solution directly correlates with the long-term solution stability.[@cit0030] The characteristic ω~CO~ value determined by frequency sweep measurements is maximal (24043 rad/sec) at minimal aggregation propensity (score = 10) and minimal (256 rad/sec) at maximal aggregation propensity (score = 0). The determined scoring values were weighted equally, summed, and divided by the amount of scores used for the specific sample. The scoring values can be found in the (Table S3).

The scoring results are visualized with the help of a surface (see [Fig. 8 (a)](#f0008){ref-type="fig"}). To facilitate comparison, the long-term stability scoring of similar samples is plotted next to the analytical scoring (see [Fig. 8 (b)](#f0008){ref-type="fig"}). The red areas in [Fig. 8 (a)](#f0008){ref-type="fig"} mark conditions where the mAb is predicted to be unstable. Blue areas symbolize conditions where the mAb is predicted to be stable. The surface plot enables easy detection of conditions that are predicted to be stable and robust (in blue), as well as screening points that may be sensitive to slight changes of the molecular surroundings (e.g., pH 9, 180 mg/ml, 160 mM Na~2~SO~4~). Figure 8.Scoring of analytical results is shown in relation to the long-term colloidal stability (a). The subplots from top to bottom show the predicted impact at pH 5, pH 7, and pH 9 with mAb concentrations of 120 and 180 mg/ml without additive in solution, with the addition of 150 mM glycine, 1.2 (m/V)% PEG4000, and 160 mM Na~2~SO~4~, respectively. The scoring of the phase behavior at t~40~ of similar samples is depicted on the right hand side for easier comparison (b).

The colloidal stability of the mAb is predicted to be dependent on protein concentration, pH, and additive type. The most stable region was predicted to be at pH 5 without additive in solution at 120 mg/ml. For mAb samples at pH 9, a mAb concentration of 180 mg/ml, and the addition of PEG4000, the smallest scoring value was calculated.

Discussion {#s0005}
==========

Three types of additives, namely, salts, polymers, and osmolytes were used in this study. Possible physico-chemical effects of these co-solutes on antibody solution stability and, thus, the reasons for their selection are briefly discussed below.

The effect of salts on the protein solution stability is mainly dependent on their concentration and type. At low ionic strengths, salts primarily have a stabilizing effect due to nonspecific electrostatic interactions. This stabilizing effect was found to be independent of the salt type and is most pronounced close to the pI of proteins.[@cit0043] With increasing salt content, the impact of salt type becomes more pronounced. Salts of strong salting-out character are classified as kosmotropes and salts of predominantly salting-in character are classified as chaotropes. In several studies it was shown that antibody solution behavior follows this theory.[@cit0044] Strongly hydrated ions (kosmotropes) have a negative impact on the hydration shell of proteins, increase the hydrophobic protein-protein interactions, and negatively affect protein colloidal stability (e.g., Na~2~SO~4~).[@cit0043] Enhanced inner molecular hydrophobic interactions, on the other hand, lead to an increased conformational protein stability. Chaotropic salts, such as potassium iodide, decrease hydrophobic interactions by destroying the water structure around dissolved molecules. They have a denaturing effect on proteins, but may increase the colloidal stability at low to moderate concentrations.

As the interactions of salt ions with the protein are mainly based on electrostatic interactions, the effect of salt is pH-dependent and dependent on the amino acid sequence of the molecule tested. Specific interactions of salt ions with amino acid residues are not totally understood, especially at higher protein concentrations. As a result, modulations of protein-protein interactions by salt ions and their implications for the protein solution behavior cannot be completely rationalized.[@cit0048]

In contrast to salt ions, polymers are uncharged, hydrophilic molecules, whose effect on proteins is mainly dependent on their chain length. Attractive protein-protein interactions can be strengthened when adding long-chain polymers by depletion attraction. The depletion attraction results from an increase in osmotic pressure of the surrounding solution when the proteins in solution get close enough such that the excluded co-solutes cannot fit in between them.[@cit0049] Based on this theory, the comparatively large hydrophilic PEG molecules exclude a certain amount of volume from the solution, which is then inaccessible to other molecules.[@cit0051] Thereby, the mAb molecules are sterically excluded from the volume of PEG and concentrate in the remaining volume. The so increased mAb concentration may lead to stronger short-range protein interactions that may cause agglomeration or unfolding of the molecules. Additionally, it was found that the OH group of polyethylene glycol can interact with positively charged amino acid residues of proteins.[@cit0052] This specific binding changes the net charge of the protein and may have a negative effect on the protein colloidal stability below the pI.

Short-chain polymers, on the other hand, can increase protein stability by preventing protein-protein interactions due to steric hindrance. In this study, a comparatively large PEG with a molecular weight of 4000 Da was investigated.

Osmolytes, including polyols, certain amino acids, and methylamines, are mainly used as stabilizing additives. The stabilizing effect of osmolytes is most often explained by the preferential exclusion of these small molecules from the protein surroundings. Preferential exclusion implies that the concentration of the osmolyte in the immediate volume element surrounding the protein is lower than its concentration in the bulk phase. This increases the water volume and its structured orientation around the protein, resulting in a colloidal stabilization.[@cit0053] The theory of protein surface hydration and the accompanying increase of surface tension is also known as the cavity theory. Several studies on protein colloidal and conformational stability support the cavity theory and the stabilizing character of osmolytes.[@cit0055]

The effects of these additives as well as the effect of changing pH and protein concentration are discussed below in relation to the results of the analytical methods applied. The order of the discussion follows the structure of the results section.

The buffer pH had the main effect of mAb monodispersity. The decrease in monomer content with increasing pH could be a sign of the destabilization of the antibody solution due to the shift of the buffer pH toward the theoretical pI of the molecule at 8.7. The resulting reduction of repulsive electrostatic interaction may increase the aggregation tendency of the mAb molecules and, hence, the HMW content in solution. Even if this effect is weak at t~0~, it may be an indication of a decreased long-term colloidal stability of the mAb at pH 7 and pH 9 in comparison to pH 5.

The impact of glycine and PEG4000 followed the generally valid theories. Glycine decreased the HMW content of the mAb, whereas PEG4000 had a predominantly negative impact on mAb monodispersity. The effect of both additives was most pronounced close to the pI of the studied mAb, at pH 7 and pH 9. The increase of the LMW species by the addition of glycine has never been described so far and should be investigated in further experiments.

The reduction of the monomer content by around 2--3% may be caused partly by the mechanical stress during centrifugation. To evaluate this hypothesis, SEC runs were performed with samples transferred into a buffer similar to the stock solution buffer. Here, a monomer loss of 1.6% was determined. The observed monomer loss was mainly due to the defragmentation of the antibody, which is reflected by a 0.9% increase in LMW species. Thus, the change in LMW content of the tested mAb solutions can be attributed mainly to mechanical stress and a change in the HMW content correlated with varying environmental conditions.

The determined ζ-potential values are discussed with regard to protein-protein interactions which may be induced by the surface net charge of mAb molecules depending on the surrounding solution. As it had been assumed based on the theoretical pI of 8.7, the ζ-potential values followed the expected ζ-potential curve of proteins.[@cit0059] In a pH range between pH 7 and pH 9, the mAb molecules possessed a relatively low effective charge. Here, repulsive electrostatic protein-protein interactions are weak so that the inter-separation distance of the molecules decreases.[@cit0060] This induces positive short-range protein-protein interactions, including dipole-mediated and hydrophobic interactions.[@cit0061] These attractive interactions may increase the aggregation propensity of the antibody. The results underline the findings of SEC analytics, where an increase of HMW species at pH 7 and pH 9 in comparison to pH 5 was determined. With the selected additives in solution, the ζ-potential values scattered around zero. This leads to the assumption that glycine, PEG4000, and Na~2~SO~4~ reduce the electrostatic repulsion of the mAb molecules at all tested pH values. The reduction of the mAb surface charge by Na~2~SO~4~ and the zwitter ion glycine can be explained by attractive electrostatic interactions between the charged additives and charged amino acid residues on the mAb surface. PEG, on the other hand, is an uncharged molecule. A possible explanation for the reduced ζ-potential due to PEG4000 is the interaction of the OH group of the PEG molecule with charged amino acid side chains. Another explanation could be the steric hindrance of protein movement in the electric field by the long-chain polymer.

In contrast to the ζ-potential results, SEC measurements revealed mAb solution stability differences depending on the additive type. The additives either have an additional effect on the protein-protein interactions that cannot be described solely by ζ-potential measurements or the electrophoretic measurements are not sensitive enough to depict the differing effects of glycine, PEG4000, and Na~2~SO~4~ on the protein-protein interactions.

The concentration-dependent increase of viscosity is a function of the ability of the mAb to self-associate and, hence, is supposed to result from protein-protein interactions induced by charge, hydrophobicity, or dipole moments.[@cit0028] Based on the viscosity investigations, it is assumed that up to a concentration of 120 mg/ml, where relatively low viscosity values were observed, repulsive long-range protein-protein interactions dominate over weak attractive short-range interactions. At higher concentrations, the attractive short-range interactions increase viscosity due to the reduced distance between the mAb molecules.[@cit0006]

With the change of mainly long-range mAb-mAb interactions to short-range interactions, the effect of pH on the viscosity increases as well. The pH dependence of protein solution viscosity cannot be described without invoking protein surface hydration. Water molecules that are structured around the protein surface are less mobile than bulk water molecules.[@cit0062] Hence, viscosity depends on the strength of the hydration layer, which, in turn, is directly related to the pH and the surface properties of the protein.

At pH 5, the highest viscosity values were determined. pH 5 is farthest away from the pI of the studied mAb. Based on ζ-potential measurements, it is assumed that the surface charge of the molecule is stronger at pH 5 than at pH 7 and pH 9. Having this knowledge, the viscosity increase at pH 5 might be explained by the electroviscous effect.[@cit0063]

Due to the electroviscous effect, viscosity increases with increasing molecular charge and is smallest at the pI. This theory can explain the results of this study and has already been applied successfully to several other molecules[@cit0063]^;^[@cit0066] and to highly concentrated IgG1 solutions.[@cit0067] This theory, however, contradicts the general understanding of viscosity being highest near the pI.[@cit0025]

Following the generally accepted hypothesis of an increased viscosity also implying a decreased mAb solution stability, pH 5 might be considered the least favorable solution pH at first glance. At high concentrations, viscosity measurements might yield an opposite result regarding optimal buffer pH selection than SEC analytics and ζ-potential determinations.

Glycine decreased the viscosity at pH 7 and 180 mg/ml. A decreasing effect of glycine on viscosity had previously been described by Wang et al.[@cit0069] Glycine is a hydrophilic amino acid and preferably hydrates molecules in solution, which may reduce mAb-mAb interactions and, hence, viscosity. The increase in viscosity by the addition of PEG4000 can be attributed to 2 effects. Firstly, PEG with a molecular weight of 4000 Da is a relatively large long-chain molecule which increases viscosity per se due to steric hindrance. Secondly, it is known that high-molecular-weight PEGs induce attractive protein-protein interactions by excluding volume from the environment of the proteins, which may also increase the mAb solution viscosity. The increase of viscosity due to Na~2~SO~4~ can be explained by its kosmotropic character. This kosmotropic effect strengthens the mAb-mAb interactions, which reduces the protein mobility, thus resulting in an increased viscosity.

The T~m~ values that have been calculated can be correlated directly with the thermal conformational stability of the antibody. The higher the T~m~ value is, the higher is the energy input required to unfold the protein. The high standard deviations at pH 5 and 120 mg/ml with and without glycine in solution could be due to the comparatively low intrinsic fluorescence of the antibody. With increasing mAb concentration, the standard deviations decrease due to the stronger fluorescence signal. The pH dependence of signal strength may be due to a changing flexibility of the molecule, which exposes more or less detectable fluorescence amino acids on the mAb surface. The high standard deviations observed for samples with PEG in solution may be due to the UV scattering of PEG itself, as it is a comparably big molecule and its UV signal may superpose the scattering of the protein of interest.

At low mAb concentrations, a second fluorescence shift (T~m2~) is observed. This second shift reflects 2-step unfolding of the protein.[@cit0033] Assuming that the studied antibody has a thermal stability comparable to that of other mAbs, the Fab fragment of the mAb is most sensitive to heat treatment and denatures first. This assumption is underlined by the fact that the measured T~m1~ values of 66°C are close to the T~m~ values of single-domain Fab reported by Menzen et al.[@cit0042] Partial unfolding of the variable region of the mAb does not take place at mAb concentrations higher than 60 mg/ml. The increased mAb concentration appears to enhance conformational stability of this region.

The T~m~ values decrease with increasing pH. The increased net charge of the amino acids at pH 5 results in a reduced density of a protein due to intramolecular repulsive electrostatic interactions.[@cit0070] The less-compact protein leads to a decrease of the T~m~ values. It is conceivable that the conformational change at pH 5 is accelerated with increasing mAb concentration due to additional attractive short-range interactions at 180 mg/ml.

At pH 7, slightly higher T~m~ values are detected in comparison to samples at pH 9. This underlines the findings of Razvi et al.,[@cit0071] who stated that the highest protein thermodynamic stability can be found under physiologic conditions. This implies that antibodies have the highest conformational stability under conditions similar to the extracellular matrix (pH 7.3), where they show the highest activity.

The increase of T~m~ of around 4% indicates that glycine and Na~2~SO~4~ stabilize the 3D structure of the mAb under high temperature conditions. Glycine as an osmolyte has the ability to preferably hydrate molecules. The kosmotropic sulfate ions of Na~2~SO~4~ suppress protein denaturation up to a protein-specific salt concentration by strengthening the intramolecular hydrophobic interactions.[@cit0060] The decreased thermostability of the protein due to the PEG molecules can be explained by the depletion attraction theory and an accompanied increased osmotic pressure.

The next section discusses thermal colloidal stability of the mAb solution by comparing the T~agg~ values under the conditions tested. The T~agg~ values indicate an increase in light scattering and, thus, can be correlated directly with the agglomeration of the molecules in solution at higher temperatures. A high T~agg~ value stands for a high thermal colloidal stability. It was observed that T~agg~ values increase with increasing mAb concentration. This phenomenon may be explained by a reduced movement of the molecules due to steric hindrance at 180 mg/ml. The reduced number of molecule collisions implies a deceleration of aggregation kinetics.

The higher T~agg~ values at pH 5 compared with pH 7 and pH 9 support the assumption that the colloidal stability of the mAb is highest at pH 5 due to stronger electrostatic repulsion. A major drop of T~agg~ values with PEG4000 in solution indicates an increase of mAb-mAb interactions due to the polymer. It is assumed that the reduced colloidal thermal stability is caused by similar mechanisms, such as the reduced conformational stability.

Na~2~SO~4~ is a kosmotropic salt and, hence, stabilizes the 3D structure, but it is also known to destabilize the colloidal stability of proteins.[@cit0037] Thus, temperature-induced unfolding is supposed to be reduced and aggregation of mAb molecules is deemed to be intensified by the addition of Na~2~SO~4~. T~agg~ values decreased by 12°C were observed in one specific case only. It is assumed that the changing salt-protein ratio causes the different effect. At higher protein or lower salt concentrations, the salt-protein ratio is lower, resulting in a lower impact of the kosmotropic salt, with the measured T~agg~ values remaining unchanged. This assumption was validated by increasing the salt concentration to 260 mM at a mAb concentration of 180 mg/ml (data not shown). Here, a certain drop of the T~agg~ values was observed similar to the T~agg~ decrease observed for a mAb concentration of 120 mg/ml.

Important information also is obtained from the location of T~agg~ and T~m~ in relation to each other. If T~agg~ is higher than T~m~, it can be assumed that even under isothermal conditions, the molecule unfolds first and then aggregates and vice versa. Only at pH 7 and low mAb concentrations ([Fig. 4](#f0004){ref-type="fig"}) and at pH 5 and mAb concentrations up to 180 mg/ml ([Fig. 5](#f0005){ref-type="fig"}) do the T~agg~ values dominate over the T~m~ values. The discussed partial unfolding of the antibody at low concentrations, however, did not have any impact on thermal colloidal stability.

At pH 7 and pH 9 and mAb concentrations of 120 and 180 mg/ml, the T~m~ values dominate over the T~agg~ values. Under these conditions, aggregation kinetics is faster than unfolding kinetics. Summarizing these observations, it is found that the colloidal stability is lower at pH 7 and pH 9 in comparison to pH 5. However, conformational destabilization at pH 5 due to repulsive intramolecular interactions should be considered for optimal buffer selection.

As orthogonal predictive analytical parameters, ω~CO~ values were calculated based on complex rheological measurements. The ω~CO~ values decrease with increasing mAb concentration, which can be explained by the concomitant shortened distance between the individual molecules. At low concentrations, electrostatic forces dominate, which are repulsive for similarly charged molecules. In the case of a concentration increase, the influence of the short-range interactions, which have attractive properties and, thus, limit the mobility of the molecules in solution, is increased. This mobility constraint is associated with an increase in solution elasticity and, hence, with a reduction of the ω~CO~ values.

At pH 5, the molecules in solution followed the applied movement up to high frequency values, also at higher mAb concentrations. This implies that even at high mAb concentrations the molecules moved along each other without strong resistance due to the strong repulsive interactions triggered by similar net surface charges of the molecules.

At pH 7 and pH 9, ω~CO~ strongly decreased with increasing protein concentration. This implies that the type and strength of protein-protein or protein-solvent interactions changed when increasing the protein concentration at pH values close to the pI. It is assumed that short-range interactions in the high-concentration regime have a bigger impact on samples at pH 7 and pH 9 in comparison to samples at pH 5. As the impact of pH on the viscoelastic behavior is comparable to the impact on orthogonal analytical parameters, it is referred to in detail in the section 'Initial Solution Characteristics: Size Exclusion Chromatography' and in the section 'Thermal Colloidal and Conformational Protein Stability'.

Glycine was found to reduce the ω~CO~ values at pH 5. Glycine is a zwitter ion and has the ability to interact with the protein surface with both its negatively and positively charged groups.[@cit0072] The mAb molecule has a positive net charge at pH 5. The electrostatic repulsive interactions of the molecules were reduced by the specific interaction of glycine ions with positively charged surface groups of the mAb molecules. It has also been shown that glycine can interact with the peptide backbone of proteins, which plays an important role in protein stabilization.[@cit0073] This effect weakened at higher pH values. It is assumed that close to the pI of the molecule, the specific electrostatic interactions of negatively charged glycine ions and positively charged patches on the mAb surface are determined by the competition for water between the protein and the co-solute. This leads to the preferential exclusion of glycine from the protein surroundings and, hence, to an increased protein solubility. This observation agrees with the thermal stability enhancement we discussed in the section 'Thermal Colloidal and Conformational Protein Stability'. It must be emphasized that glycine decreased the ω~CO~ values at pH 5, but only down to 10000 rad/sec. This value is still above ω~CO~ values calculated for samples at pH 7 and pH 9 without an additive in solution.

At pH 5 and pH 9, PEG4000 decreased the ω~CO~ values considerably. As already described in the section 'Protein Mobility: Viscosity Measurements', the polymer may hinder molecular movement due to steric hindrance or due to the destruction of the protecting hydration shell of the mAb molecules.[@cit0076] It is assumed that the ω~CO~ values at pH 9 and 200 mg/ml with PEG4000do not decrease any further, because the ω~CO~ values without PEG4000 and similar conditions already were below 200 rad/sec, which is close to the lower detection limit of the instrument used (100 rad/sec).[@cit0077] The decreasing elastic behavior of mAb solutions at pH 7 may be explained by a decrease of short-range interactions caused by a specific binding of the non-polar PEG molecules on the molecular surface.[@cit0050]

At pH 9 and low mAb concentrations, the sulfate ions of Na~2~SO~4~ strengthened hydrophobic interactions of the proteins of low charge. In this way, movement of the individual molecules was hindered, which led to a significant decrease of ω~CO~. It is assumed that at pH 7, the salt has a similar effect on the interactions of the mAb molecules than at pH 9. However, the adjusted pH value had such a strong influence on the rheological response of the samples that the effect of the salt on the solution\'s viscoelasticity was superposed by the pH effect. At pH 5, where the mAb molecules have a higher net surface charge, the concentration of sulfate ions was too low to induce strong hydrophobic interaction and, thus, a drop of the ω~CO~ values.

The increase of ω~CO~ values at pH 9 and higher mAb concentrations implies that the strength of protein-protein interaction decreases due to the addition of Na~2~SO~4~ as from an mAb concentration of 200 mg/ml. Du et al.[@cit0079] assumed that in highly concentrated protein solutions kosmotropic salts do not induce hydrophobic protein-protein interactions, but may compete with hydrophobic protein-protein interactions which are assumed to be the dominant stability-decreasing factor at pH 9. Additionally, concentration of the salt was kept constant in this study, while the mAb concentration increased. Consequently, the protein-salt ratio varied with increasing protein concentration.

It is assumed that at low mAb concentrations up to 150 mg/ml, the salting-out effect was dominant and caused an increased elasticity and lower ω~CO~ values. At high protein-salt ratios, the salting-in effect might be dominant. Here, the salt interacts with charged residues and stabilizes the protein in solution. The mAb concentration-depending impact of Na~2~SO~4~ supports the assumption that the type of protein-protein interaction changes with increasing protein concentration.

To evaluate the predictive strength of the analytical methods applied, the results were merged, scored, and compared directly with the results of mAb long-term stability tests. The colloidal solution stability could be described very well with the help of the analytical toolbox and the defined scoring. The prediction of samples being most stable at pH 5, glycine having a stabilizing effect on mAb samples, and of Na2SO4 and PEG4000 having a destabilizing effect depending on pH and mAb concentration was confirmed by long-term stability tests. In particular, it has to be emphasized that the stabilizing character of Na~2~SO~4~ at pH 9 and 180 mg/ml and the strong destabilizing effect due to the addition of PEG4000 under similar conditions were described correctly.

However, the precipitation of the antibody at pH 7 with and without an additive in solution is not sufficiently visible. The scoring was pushed to values around 4 due to the impact of low viscosity values measured under these conditions. The viscosity differences between pH 5, pH 7, and pH 9 were explained by the electroviscous effect. This effect may be helpful to explain solution fluidity, but does not have any effect on the long-term colloidal stability, especially at mAb concentrations equal to or below 120 mg/ml. Here, the repulsive interactions at pH 5 expand the molecular size and, hence, increase viscosity. On the other hand, colloidal stability is increased due to strong electrostatic repulsion. SEC measurements, thermal stability tests, ζ-potential measurements, and the study of mAb viscoelasticity described the instability of mAb solutions at pH 7 correctly, thus compensating partly the wrong description based on viscosity measurements.

The protein concentration-dependent effect of the additives Na~2~SO~4~ and PEG4000 was described correctly, but the effect was damped due to the insensitivity of ζ-potential and thermal stability tests. In this study, the ζ-potential results contained important information for conditions where electrostatic interactions dominated the repulsive or attractive forces of dissolved proteins in solution. At higher protein concentrations and with the addition of additives, the factors influencing protein solution stability become more complex and cannot be depicted by protein surface charge characterization alone.

The results of thermal stability tests were more or less unaffected by the changing impact of the additives. Here, it becomes clear that processes in isothermal long-term stability tests may differ from those in accelerated temperature tests. The discrepancies between thermal and isothermal long-term stability tests have already been described,[@cit0015] but so far there is no explanation as to why and when the discrepancy occurs. Especially in the highly concentrated regime, it is therefore important to combine thermal stability tests and ζ-potential measurements with other biophysical characterization techniques to overcome these insensitivities.

The viscoelastic characterization of the mAb solutions was found to be a reliable tool to describe the behavior of the mAb molecules in the solution. However, the effect of protein concentration on the colloidal stability of the antibody was slightly overestimated. This overestimation may be due to the formation of structured mAb networks, which may increase the elastic portion of the probe and result in lower ω~CO~ values, but have a positive impact on long-term colloidal stability.[@cit0080]

The evaluation of protein mobility and rheology and the thermal stability studies of mAb solutions revealed a sensitivity of the colloidal solution stability of the studied antibody to mAb concentration, pH, additive type and concentration.

It was possible to describe the protein behavior and to characterize in detail the extent and type of protein-protein interaction. Furthermore, the study reveals the strengths and weaknesses of the different techniques applied. Description of the mAb phase behavior was possible only by a combination of these techniques.

Further studies are required (e.g., study of surface hydrophobicity) to refine the scoring of the applied analytical techniques for an even more precise description. Additionally, development of a high throughput-compatible setup of the used analytical tools should be part of future work for an easy and fast description of protein solution stability. Still, the presented and evaluated analytical toolbox represents a very important step toward easier buffer selection and optimization, with product stability being ensured.

Materials and methods {#s0006}
=====================

The humanized mAb used in this study has a molecular weight of 145.5 kDa and a theoretical pI of 8.7. It was kindly provided by Synthon Biopharmaceuticals B.V. The mAb was delivered with a monomer content of above 98% at pH 5.5 and a protein concentration of ∼30 mg/ml (hereinafter: Stock solution).

For this study, multi-component buffer systems containing CABS (Santa Cruz Biotechnology), CHES (AppliChem), MES, and TAPS (AppliChem), sodium acetate trihydrate (Fluka), sodium dihydrogen phosphate monohydrate (Merck), and TAPSO (Sigma-Aldrich) were used. The ionic strength of the buffer solutions was 10 mM.

Glycine (Sigma), PEG4000, and Na~2~SO~4~ (Merck) were used as additives. Ultrapure water (ISO3696) was used to prepare all solutions.

For buffer exchange and concentration of the samples, 20 ml and 40 ml Vivaspin ultrafiltration spin columns (Sartorius) with a molecular weight cut-off of 60000 Da were used. To prepare protein phase diagrams, 96-well micro-batch crystallization plates from Greiner Bio-One were used.

Experimental setup {#s0007}
==================

Buffer and mAb preparation {#s0007-0001}
--------------------------

For the experiments, multi-component buffers were prepared following the description of Kröner et al.[@cit0082] Buffers used in this study were adjusted with sodium chloride to an ionic strength of 6.7 mS/cm using the conductivity electrode CDM 230 (Radiometer Analytical). The mAb stock solution was buffer-exchanged and concentrated up to 250 mg/ml with Vivaspin columns and a rotational speed of 12300 g (fixed angle rotor, Eppendorf centrifuge 5810R). Subsequently, a protein dilution series with the corresponding buffer was prepared, so that after the addition of the second component, either a high-salt or low-salt buffer in a ratio of 1:5 (buffer:protein solution) to the required final protein concentration was obtained. The second component was added manually. After the components were mixed, an equilibration time of 15 min was kept before the analytical measurements were started.

All analytical runs were performed at 20°C and in duplicate at least.

### Size exclusion chromatography {#s0007-0001-0001}

To study the mAb monomer content, the amount of HMW and LMW SEC runs were performed directly after sample preparation. The SEC measurements were done with an UHPLC system (Agilent) using an Acquity PLC BEH200 SEC column. The UV detector of the UHPLC system has an accuracy of 0.1 mAU. The samples were diluted with 100 mM phosphate buffer (pH 7.5) to a mAb concentration of 1 mg/ml. This buffer was also used as running buffer for all chromatography runs. The measurements were done with a flow rate of 0.3 ml/min and an injection volume of 2.5 µl. The UV signal at 280 nm was detected and processed by the Chromeleon 7.1 chromatography data system. The mass ratio of monomer, HMW, and LMW was calculated based on the areas of the detected peaks.

### ζ-potential measurements {#s0007-0001-0002}

To study the surface potential of the target molecule, the ζ-potential was determined by laser Doppler micro-electrophoresis using the Zetasizer Nano ZSP (Malvern Instruments). According to the manufacturer, the sensitivity of this measurement tool is ± 2 mV. A voltage of 60 mV was applied to calculate the ζ-potential over the velocity of the molecules. The voltage was set to limit the current to a maximum of ± 5 mA and the number of runs were limited to 10. To determine the ζ-potential, disposable folded capillary cells and the diffusion barrier technique were used to reduce the sample volume to 20 µl. In this study, the ζ-potential of mAb solutions with a concentration of 10 mg/ml in a pH range from pH 5 to 11 without additives, with 15 mM glycine, 0.2 (m/V)% PEG4000 or 16 mM Na~2~SO~4~ was determined. The mAb and additive concentration was reduced by a factor of 10 to prevent electro-osmosis, which may occur in samples with an ionic strength greater than 150 mM.[@cit0083]

### Viscosity measurements {#s0007-0001-0003}

The viscosity was measured with the Viscosizer (Malvern Instruments) using Poiseuille flow. Here, the sample is automatically pumped through a microcapillary under constant drive pressure. The time (Δt~s~) the sample needs to pass a set path length is measured and referenced against the time (Δt~r~) taken for a fluid of known viscosity. The relative viscosity values of mAb samples with 120 and 180 mg/ml protein content at pH 5, with and without 50--150 mM glycine, pH 7 with and without 50--150 mM glycine, 100--160 mM Na~2~SO~4~ and pH 9 with and without 50--150 mM glycine or 0.4--4 (m/V)% PEG4000 in solution were determined.

### Thermal colloidal and conformational stability {#s0007-0001-0004}

To study the conformational and colloidal thermal stability of the mAb under varying conditions, a temperature ramp was run to force the protein to aggregate or/and to unfold. The measurements were performed with the UNit (Unchained Labs), where T~m~ and T~agg~ of 48 samples can be measured simultaneously. The T~m~ values were calculated at the inflection point of the curve developed when plotting the shift of the fluorescence signal over the applied temperature. For some samples, 2 inflection points could be calculated. For this reason, the parameter was additionally indexed with 1 for the first inflection point (T~m1~) and 2 for the second inflection point (T~m2~). The T~agg~ values were calculated based on the steepest slope that evolved when plotting the static light scattering signal over the applied temperature. The temperature ramp started at 20°C, ended at 90°C, and had a step width of 1°C/min. In this study samples with an mAb concentration of 5--180 mg/ml at pH 7 without additives and samples with mAb concentrations of 120 mg/ml and 180 mg/ml at pH 5, 7, and 9 with 50, 100, and 150 mM glycine, mAb concentrations of 120 mg/ml and 180 mg/ml at pH 7 and 100, 140, and 160 mM Na~2~SO~4~, and mAb concentrations of 120 mg/ml and 180 mg/ml at pH 9 with 0.4, 1.2, and 2 (m/V)% PEG4000 were screened.

### Determination of protein solution viscoelasticity {#s0007-0001-0005}

To determine the storage modulus (G\') and the loss modulus (G"), frequency sweep measurements were performed in a frequency range of 100--60000 rad/sec with the Piezo Axial Vibrator (PAV). The applied frequency range also defines the detection limit of the measurement tool. Following the publication of Schermeyer et al.,[@cit0030] the frequency value of the crossover point of G\' and G," ω~CO~, was used to compare the viscoelastic responses of the samples studied. The calculated ω~CO~ values also served as predictive parameters. A description of the measurement tool and of the derivation of G\' and G" can be found elsewhere.[@cit0030] The height of the measuring chamber was 15 µm. For the measurement, 35 µl of the sample were pipetted onto the measurement head. The measurement head was closed with a force of 2 Nm. In this study mAb solution with concentrations of 50, 120, 180, and 200 mg/ml at pH 5, 7, and 9 without additives, with concentrations of 50, 120, 180, and 200 mg/ml at pH 5, 7, and 9 with 150 mM glycine, 2 (m/V)% PEG4000, and 160 mM Na~2~SO~4~, respectively, were conducted.

### Preparation of protein phase diagrams {#s0007-0001-0006}

To study the long-term solution stability of mAb, protein phase diagrams were prepared. For this purpose, a robotic liquid handling station (Tecan) was used following the method described by Baumgartner et al.[@cit0037] To achieve 96 conditions on one plate, 4 buffer troughs were prepared, including 2 low-salt and 2 buffers with one of the selected additives in a high concentration. A buffer plate was prepared with these solutions to obtain 6 additive concentrations ranging from 0--2.5 M glycine, 0--1.6 M Na~2~SO~4~, and 0--20 (m/V)% PEG4000. These conditions were then mixed with manually prepared mAb samples ranging from 0--250 mg/ml at a ratio of 1:5, resulting in a sample volume of 24 µl. One crystallization plate consisted of 2 pH values ranging from pH 5--9, mAb concentrations ranging from 120--225 mg/ml, and additive concentrations ranging from 0--200 mM glycine, 0--160 mM Na~2~SO~4~, and 0--2 (m/V)% PEG4000, respectively. After preparation, the plates were centrifuged for 1 min at 1540 g to reduce the air bubble content and covered using optically clear and UV compatible sealing tape (Duck Brands). The plates were then placed in an automated high-resolution imaging system (Rock Imager, Formulatrix). Every single well was photographed in specific time intervals. After 40 days, the samples were visually scored as colloidally stable, low precipitated, or precipitated. The preparation and incubation of the protein phase diagrams were done at 20°C.

Additionally, Fourier transform infrared spectroscopy (FTIR) measurements of the supernatant were performed to study the long-term conformational stability of the antibody under varying conditions. The results revealed that the 2D structure of the antibody did not change under the studied conditions after 40 d of incubation. The corresponding results are not shown here.
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[^1]: Supplemental data for this article can be accessed on the [publisher\'s website](https://doi.org/10.1080/19420862.2017.1338222).
